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AERONAUTIC  SYMBOLS 
1.  FUNDAMENTAL  AND  DERIVED  UNITS 


Symbol 


Length- 
Time— - 
Force—, 


Power— - 

Speed- _ _ 


Metric 

English 

Unit 

.Abbrevia¬ 

tion 

^  Unit 

Abbrevia¬ 

tion 

meter _ 

m 

foot  (or  mile) _ _ 

ft  (or  mi) 

second _ 

8 

second  (or  hour) _ 

Bee  (or  W 

weight  of  1  kilogram _ 

kg 

weight  of  1  pound - 

lb 

horsepower  (metric) 

horsepower _ — 

hp 

fkiiometers  per  hour _ 

kph 

miles  per  hour - 

mph 

\metera  per  second _ — - 

mp3 

feet  per  second . . 

fps 

Weigh.t=^mg  . 

Standard  acceleration  of  gravity =9.80665  m/s* 
':or"32.1740  ft/sec* 

W 

Ma8S=y 

Moment  of 'inertia=mi*.  (Indicate  axis  of 
radius  of  gyration  k  by  proper  subscript.) 
Coefficient  of  viscosity 


2.  GENERAL  SYMBOLS 
p  ^  Kii 


p  -  Kinematic  viscosity 
p  Density  (mass  per  unit  volume) 

Standard  density  of  dry  air,  0.12497  kg-m’^-s*  at  16®  C 
and  760  mm;  or  0.002378  Ib-ff*  sec*  ^ 

Specific  weight  of  ‘‘standard'^  air,  1.2255  kgjwf  ot 
0.07651  Ib/cu  ft  -  . 


S.  AERODYNAMIC  SYMBOLS 


Area 

Area  of  wing 

Gap  '  .  - 

Span 

Chord  : 

Aspect  ratio, 

True  air  speed 
Djmamic  pressure,  |pF* 

lift,  absolute  coefficient 

Drag,  absolute  coefficient  Cj!>==^ 

Profile  drag,  absolute  coefficient 

Induced  drag,  absolute  coefficient 

Parasite  drag,  absolute  coefficient  Cpf — ^ 

Cross-wind  force,  absolute  coefficient  ^ 


Angle  of  setting  of  wings  (relative  to  thrust  line) 
Angle  of  stabilizer  setting  (relative  to  thrust 

1-  “ 

Resultant  moment 
Resultant  angidar  velocity 

Reynolds  number,  where  I  is  a  linear  dimen* 

sion  (e.g.,  for  an  airfoil  of  1 .0  ft  chord,  100  mph^ 
standard  pressure  at  15®  C,  the  corresponding 
Reynolds  number  is  935,400;  or  for  an  airfoil 
of  1.0  m  chord,  100  mps,  the  corresponding 
Reynolds  numbcff  is  6,866,000) 

Angle  of  attack 
An^e  of  downwash 
Angle  of  attack,  infinite  aspect  ratio 
Angle  of  attack,  induced 
Angle  of  attack,  absolute  (measured  from  zero* 
lift  position) 

I^ht-path  angle 
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SUMMARY 

As  part  of  ihe  (jeneral  helicopter  research  program  beuig 
undertaken  by  the  National  Adrisonj  (hmmittee  Jor  Aeronau¬ 
tics  to  provide  designers  with  fundamental  rotor  information ^ 
the  forward-fliijht  performance  characteristics  of  a  typical 
sinyle-rotor  helicopter^  which  is  eympped  with  mam  and  tail 
rotors,  hare  been  investiyated  in  the  Lanyley  full-scale  tunnel. 
The  test  conditions  included  operation  at  tip-speed  ratios  from 
0.10  to  0.27  and  at  thrust  coefficients  from  0.0030  to  0.0060. 
Results  obtained  with  the  production  rotor  were  compared  with 
those  for  an  alternate  set  of  blades  haviny  closer  rib  spaciny 
and  a  smoother  and  more  accurately  contoured  surface  in 
order  to  evaluate  the  performance  yains  that  are  available  by 
the  use  of  rotor  blades  haviny  an  improved  surface  condition. 

The  data  have  been  reduced  in  terms  of  the  main-rotor  dray4ift 
ratios  and  are  presented  in  a  senes  of  charts  which  jacilitate 
makiny  a  rapid  estimation  of  rotor  forward-fliyht  performance. 
The  charts  may  be  used  directly  for  rotors  that  have  physical 
characteristics  similar  to  either  of  the  two  test  rotors.  The 
results  may  be  used  for  rotors  of  different  solidities  by  applyiny 
a  correction  to  the  power  dray-lift  ratios  used  in  the  charts^  and  a 
chart  to  facilitate  this  correction  is  included. 

The  wind-tunnel  results  are  shown  to  be  in  fair  ayreement  with 
the  results  of  both  fiiyht  tests  and  theoretical  predictions.  The 
data  indicate  that  larye  savinys  in  the  power  required  for  fiiyht 
at  any  thrust  coefficient  result  from  the  use  of  the  smooth  blades. 
Additional  smaller  savinys  are  also  shown  to  result  from  opera¬ 
tion  at  lower  rotational  speeds.  '  /  i  .  “v-  / 

INTRODUCTION 

As  part  of  a  general  investigation  to  obtain  rotor  charac¬ 
teristics  for  use  by  helicopter  designers,  the  forward-flight 
characteristics  of  a  typical  helicopter,  which  has  a  single  laigc 
main  rotor  and  a  small  torque-compensating  tail  rotor,  have 
been  investigated  in  the  Langley  full-scale  tunnel.  Included 
in  the  investigation  was  the  evaluation  of  the  resultant 
forces  on  the  complete  helicopter  and  the  power  input  to 
the  main  rotor  over  a  range  of  thrust  coefficients,  angles  of 
attack,  and  tip-speed  ratios.  During  a  preliminary  inves¬ 
tigation  of  the  static-thrust  characteristics  of  six  sets  of  rotors 
(reference  1),  the  increased  performance  due  to  improved 
surface  condition  was  indicated  to  be  greater  than  any  in¬ 
crease  produced  by  camber  or  twist.  It  vvas  decided,  there¬ 
fore,  to  investigate  also  the  effect  of  surface  condition  on  the 
forward-flight  performance  of  the  helicopter.  This  phase  of 
the  investigation  was  conducted  with  the  production  rotor 


and  a  set  of  smooth  blades  used  in  llu'  static-thrust  tests. 
In  addition  to  obtaining  rotor-performance  information,  the 
forward-fliglit  investigation  si^rvi'd  also  to  indicate,  the 
feasibility  of  testing  this  size  and  type  of  aircraft  in  the 
Langley  full-scale  tunnel  by  affording  a  comparison  with  the 
results  of  coiunirrent  flight  ti^sts.  The  force-test  data  were 
also  compared  with  the  results  of  calculations  made  using 
methods  of  existing  theory. 
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SYMBOLS 


tlirust  coefficient  of  main  rotor 


rotor  lift  coefficient  /  — - \ 

fuselage  pitching-moment  coefficient 
/ Fuselage  pitidiing  moment 


\pV^-{7:R^)R 


) 


fuselage  lift 


fuselage  drag  coefficient 


rotor  thrust,  pounds 
rotor  torque,  pound-feet 
angular  velocity  of  rotor,  radians  per  second 
mass  density  of  air,  slugs  per  cubic  foot 
mass  density,  of  air  at  sea  level  under  standard 
conditions,  0.002378  slug  per  cubic  foot 
distance  from  center  of  rotation  to  blade  element 
rotor  blade  radius,  feet 
airspeed,  feet  per  second 
rotor  lift,  pounds 
rotor  solidity  {bcjirR) 
chord  at  r 


number  of  blades 
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I  ip-sp(M‘(!  ml  it) 


cos 

/ 


ar  ^('onit'lric  an^h'  oi  attack  stR  in  tunnel;  acutt'  an^le 

l)ct\v('(Mi  tlu‘  ct'ntor  line  of  tiiniu'l  and  a  ])lan(‘ 
])t'r])en(licular  to  tlu‘  rotor  sliaft,  nepitivt'  when 
tilt  is  forward 

helico])ter  aiii^le  of  attack;  acute  an^de  between 
direction  of  air  How  and  a  ])lane  ])er])endicular 
to  th(‘  rotor  sliaft.  negative  wlieii  tilt  is  forward  j 
9  mean  blade  pitch  an^le  at  O.To/f,  dt'gret's 

P!L  ])ow('r  dra^dift  ratio,  ratio  of  dra^  e({uivalent  of 

main-rotor-sliaft  power  absorbed  at  driven  air-> 
s})eed  to  rotor  lift  {Q9J\^L) 

{DjDu  useful  drag-lift  ratio,  ratio  of  rotor  thrust  along 
(light  path  to  rotor  lift 

(D/Z),  rotor  drag-lift  ratio,  equal  to  the  sum  of  tlie  rotor 
induced  drag-lift  ratio  and  the  rotor  profile  drag- 
lift  ratio 


DESCRIPTION  OF  AIRCRAFT  SETUP 

A  pliotograph  of  the  helicopter  mounted  on  the  Langley 
full-scale-tunnel  balance  supports  is  shown  as  figure  1. 
General  characteristics  and  pertinent  dimensions  of  the 
aircraft  are  given  in  the  three-view  drawing  of  figure  2. 
Additional  information  concerning  the  aircraft  can  be  found 
in  reference  2. 

Inasmucii  as  it  was  necessary  to  keep  the  helicopter 
trimmed  in  the  flight  conditions  simulated,  a  direct-reading, 
six-component,  auxiliary  straiii-gage  balance  was  designed 
for  the  t(‘sts.  Modifications  were  made  to  the  aircraft  to  per¬ 
mit  its  attachment  to  the  strain-gage  beams  at  each  support 
point.  Two  streamline  steel  braces  were  installed  between 
the  rear  tunnel  support  head  and  the  two  forward  supports 
to  reduce  longitudinal  stresses  in  the  fuselage  structure. 

ROTORS  TESTED 

Photographs  and  general  dimensions  of  the  test  rotor 
blades,  which  are  referred  to  as  the  ‘‘pi’oduction  blades’" 
and  the  “smooth  l)lades,”  are  presented  in  figure  .‘h  The 
production  blades  have  a  radius  of  19  feet  measured  from 
the  center  of  rotation,  a  total  area  (three  blades)  of  ()r).4 
square  f(H't,  and  a  solidity  of  0.060.  The  blades  are  ta]}ered 
in  plan  form,  are  untwisted,  and  have  an  NACA  0012  airfoil 


r;f:i-KK  1.  -Helicopter  mounted  for  tests  in  Laruiley  fuli-scnlcjunnel. 


.Main  rotor: 

KcUlius.  ft . . .  ly 

Blade  area  (3  hlade.s),  sq  ft . . .  4 

Disk  area,  s(i  ft . . .  1134,1 

Solidity  . .  . 

Ratio  of  rotational  sfx'ed  to  etuiinc  speed . . .  .  0, 107 

'I'ail  rotor: 

Radius,  ft . . . . 

Blade  area  (;i  hladrs),  stj  ft . . .  4.92 

Disk  area.  ,sq  ft . . .  49.2 

Ratio  of  rotational  .sneed  to  enpine  spt'ed . .  0.  507 

Center  line  of  main  rotor  to  center  litie  of  tail  rotor,  ft .  25. 19 

l’arasite-<lr'ic  area,  sq  ft . .  22. 92 

Rated  horsei)ower  . . . .  . .  iso 


Fint  KE  2.  — 'l'hree-vi<‘w  drawinp  and  [)ertinent  dimension^  of  helicopter. 

s(‘etion.  The  forward  35  percent  of  the  chord  is  contoured 
with  spruct'  faii'ing  strips.  A  wire  eal)le  forms  the  trailing 
edge,  and  tin'  (uitire  blade  is  covered  with  fabric  liaving  a 
standard  sprayt'd  dope  finish.  The  smooth  blades  are 
idtuUical  to  tlie  ])roduction  blades  in  pitch  distribution, 
airfoil  section,  j)lan  form,  and  solidity  but  have  twice  as 
many  ribs  outboard  of  the  44-percent  radius.  In  addition, 
the  forward  35  percent  of  the  chord  oiUboard  of  the  0.40// 
station  was  a(*curately  filled  to  contour  and  given  a  smooth 
finish,  and  the  lilades  were  polished  witli  wax  prior  to  tlie 
tests. 

INSTRUMENTATION 

i 

j  The  necessary  instruments,  engine  controls,  and  flight 

I  controls  were  operated  from  the  test  house  at  the  rear  of  the 
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riGHKE  3.  -  Kofor  hhuil'S  rosti'd.  Lowor  siirfsicv  shown.  (.Vll  dimensions  >:iven  in  inclios.^ 


balaiico  liouso.  (Soo  fig.  1.)  Electric  actuators  were  used  to 
control  (lie  cyclic  feathering  and  tail-rotor  pitch,  and  a 
hydraulic  actuator  operated  the  pitch  of  the  main  rotor. 
NACA  {*ontrol-])osition  indicators  were  attached  to  the 
linkages  to  show  the  control  settings.  The  main-rotor  pitch 
was  calibrated  with  a  protractor  fastened  to  one  rotor  blade 
at  the  14.25-foot  radius  (0.75/0  with  the  feathering  set  to 
zero. 

In  order  to  obtain  more  accurate  mean  blade-pitch  angles 
than  could  be  determined  by  measuring  the  position  of  the 
control  linkages,  a  photographic  system  was  used.  A  Bell 
and  Howell  Eyemo  motor-driven  35-millimeter  motion- 
picture  camera  was  mounted  on  the  crown  housing  aiming 
spanwise  along  one  blade.  Grain-of- wheat  lamps  were 
located  on  the  upper  surface  of  this  blade  near  the  leading 
and  trailing  edges  at  the  0.45/’,  0.75/^  and  0.95A’  stations. 
Lights  on  one  test-chamber  wall,  which  were  photograpiied 
once  during  each  revolution,  made  it  possible  to  determine 
the  azimuth  angle  for  each  film  frame. 

The  shaft-power  input  to  the  main  rotor  and  to  the  tail 
rotor  was  obtained  by  strain-gage  torque  meters  mounted 
below  the  main-rotor  thrust  bearing  and  just  forward  of  the 
tail-rotor  gear  box,  respectively. 

TESTS 

Force  measurements  were  first  made  to  determine  the 
aerodynamic  characteristics  of  the  fuselage  for  tlie  following 
three  configurations : 

Configuration  1:  Main  and  tail  rotors  removed,  dummy 
wheels  installed,  and  doors,  windows,  and  cabin  vents  closed. 
This  configuration  is  denoted  as  the  basic*  condition. 

Configuration  2:  Same  as  (‘onfiguration  1,  e.xcept  windows 
and  cabin  vents  were  wide  open. 

Configuration  3:  Same  as  configuration  1,  but  with  the 
Bell  and  Howell  35-millimeter  motion-picture  camera 
mounted  on  the  crown  housing.  The  engine  was  idled  at 
1200  rpm  for  this  condition  to  average  the  camera  tares  at 
different  azimuth  angles. 

Data  were  obtained  for  the  three  configurations  at  rotor- 
shaft  angles  of  attack  ranging  from  11.5°  to  —15.5°  for 
tunnel  airspeeds  from  30  to  85  miles  per  hour.  Forces  were 
measured  during  these  tests  with  the  standard  tunnel  balance 


system.  In  addition,  wool  tufts  W(‘re  mounted  (‘V('ry  0 
iiu’hes  in  staggered  rows  on  tin*  undi'r  side  of  the  fustdage 
from  the  nose  to  tlie  tail  support,  and  tin*  tuft  behavior  was 
observc'd  over  tlie  same  range  of  angles  of  attack  at  a  tumud 
airspei‘d  of  (>2  mill's  per  hour. 

The  tests  with  the  main  and  the  tail  rotors  installed  wi're 
made  at  angles  of  attack  (referred  to  tunnel  axes)  from  9.5° 
to  —  5.()°  for  tunnel  airspi'eds  from  a[)proximately  30  to  SO 
miles  per  hour  for  the  smooth  blades.  Less  data  were  ob¬ 
tained  for  the  production  blades,  wliich  were  expected  to 
show  inferior  forward-flight  ])erformanc(‘  with  regard  to  the 
powi'r  required.  For  I'ach  run,  the  blade-pitch  setting  was 
varied  from  4°  to  12°.  The  side  fori'e  and  the  rolling, 
pitching,  and  yawing  moments  wen'  set  at  zero  as 
indicated  by  the  strain-gage  balance.  An  attempt  to 
maintain  the  cruising  power  condition  at  an  engine  speed  of 
2100  rpm  f main-rotor  speed  of  225  rpm)  resulted  in  excessive 
longitudinal  vibration  at  tunnel  airspeeds  above  30  miles  per 
hour.  Therefore,  successive  reductions  in  engine  speed  to 
2000,  1900,  and  1800  rpm  (main-rotor  speed  of  212,  203,  and 
193  rpm,  respectively)  were  necessary  as  the  airspeed  was 
increased.  In  order  to  reduce  vibration  further,  the  rigidity 
of  the  supporting  structure  was  increased  by  eliminating  the 
standard  tunnel  balance  system,  making  it  necessary  to 
obtain  all  force  data  from  the  auxiliary  strain-gage  balances. 

During  each  recording  of  data,  the  motion-picture  camera 
was  operated  for  2  seconds  at  a  speed  of  approximately  48 
frames  per  second. 

The  axes  about  which  the  moments  were  trimmed  inter¬ 
sected  at  a  point  on  the  center  line  of  the  rotor  shaft  56.52 
inches  below  the  plane  of  the  flapping  hinges.  This  point 
falls  within  the  center-of-gravity  range  corresponding  to 
normal  loading. 

RESULTS  AND  DISCUSSION 

FUSELAGE 

The  variation  of  the  lift,  the  drag,  and  the  pitching- 
moment  coefficients  with  the  angle  of  attack  for  the  three 
configurations  at  a  tunnel  airspeed  of  62  miles  per  hour  is 
presented  in  figure  4. 

Opening  the  cabin  vents  and  windows  produced  a  small 
increase  in  pitching-moment  coefficient,  little  change  in  lift 
coefficient,  and  had  almost  no  effect  on  the  fuselage-drag 
coefficient  for  forward-flight  attitudes.  The  addition  of  the 
motion-picture  (*amera  to  the  basic  configuration  produced 
an  even  smaller  increase  in  pitching-moment  coefficient,  a 
slight  decrease  in  lift  coefficient,  and  an  increase  in  the  drag 
coefficient  of  an  average  of  4  percent  ovov  the  entire  angle- 
of-attack  range.  The  variation  of  pitching-moment  coeffi¬ 
cient  with  angle  of  attack  was  either  neutral  or  unstable  for 
all  tliree  configurations  throughout  the  angle-of-attack  range. 

The  horsepow'er  required  to  overcome  the  fuselage  drag 
at  different  airspeeds  for  the  basic  condition  is  given  in 
figure  5.  The  values  at  airspeeds  below  30  miles  per  hour 
were  obtained  by  extrapolation  and  arc  indicated  by  a 
broken  line.  The  fuselage  angles  of  attack  for  which  the 
power  was  calculated  were  obtained  from  data  in  refer¬ 
ence  2.  At  an  airspeed  of  80  miles  per  hour,  68  horsepower 
or  almost  38  percent  of  the  rated  power  of  this  helicopter  is 
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Angle  of  attack,  deg 


Fkji're  .1. — Aorodynaniic  chanicloristics  of  helicopter  fuschijK^.  Main  unci  tail  rotors  rc- 
movcfl:  cocllicictits  bused  on  niuin-rotor  disk  urc*u  of  11.14  snuuro  feet,  tunnel  uirspeed, 
*i2  miles  per  hour. 


0  to  20  20  40  50  60  70  80 


Airspeed,  mph 

Fioi  RE  Power  re  piired  lo  overcome  fusehwe  druc  in  trimmed  llieht.  Fiiseknro 
eonfiftiinition  I. 

required  to  overcome  the  fuselage  dra^^  For  the  lii^di-spe(‘d 
attitude  of  —  iO'^  tlic  equivalent  parasite-draj?  area  based  on 
a  coefficient  of  unity  is  21  square  feet.  The  minimum  dra^ 
coefficient  referred  to  the  ])rojected  frontal  area  of  the 
fuselage  is  appro.ximately  4)4  times  that  of  a  conventional 
airplane  fuselage. 

The  observations  of  the  tufts  on  the  under  side  of  the 
fust'iage  for  angles  of  attack  from  1 1.5°  to  — 15.5°  are  shown 
in  figure  h.  The  representation  of  disturbed  flow  shows 
approximately  the  magnitude  of  the  tuft  motion.  S(‘pa- 
rate<l  flow,  indicative  of  large  drag  losses,  was  present  b(‘hind 
the  constant-width  section  of  the  fuselage  at  all  negative 
angles  of  attack.  This  result  is  in  agreement  with  the  rapid 
increase  in  drag  coefficient  observed  from  the  force  data. 
(Sec  fig.  4.) 


Ctreefion  of  dr  flow 


<  Disturbed  flow 
m  Sf oiled  repior 


(U) 

fb) 

(c)  a.  =  ()..'>°. 

(d)  «.=  —♦), 5°. 

(i*)  a.=  — 10,5°. 
a)  a.  =  -15.5°. 

Fiutre  0.— Tuft  observutions  on  underside  of  hclicoptor  fuseluge.  Tunnel  airspeed. 
()2  miles  per  hour. 
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ROTOR  CHARACTERISTICS 

Inasmuch  as  it  is  (h'sii'ablo  to  present  the  results  in  t(‘rms 
of  the  characteristics  of  the  main  rotor  alone  in  order  that 
they  mijLrht  he  more'  rcaulily  adapted  to  jicaieral  use,  the 
fuselage,  the  rotor  huh.  and  the  tail  rotor  have  been  in  a 
sense  (‘onsidercai  as  suppoi’ts  for  tlie  main  rotor.  Flie  data 
have  accordinirly  iteen  reduced  hy  the  following::  i.n-ocedure: 
The  helicoptc'r  ati^Ie  of  attack  and  the  lift  and  th(‘  dra^ 
coefficients  used  in  the  calculations  were  corrected  for  the 
jot-l)oundarv  ('ffi‘ct  hy  usin^  the  usual  tunnel  correction  for 
a  win^  having  tin*  same  area  and  lift  as  the  rotor  disk.  A 
plot  of  this  jc^t-hoimdary  correc'tion  as  a  function  of  rotor 
lift  coefficient  is  shown  in  ti^^ure  7.  A  stream-an^de  corredion 
of  —0.5°  was  also  applied  to  tiie  data.  The  rotor  drag-lift 
ratios  were  ('valuated  from  the  following  relationship  given 
in  reference  : 


Pi'L  power  clrafr-lift  ratio,  ratio  of  drag  equivalent  of 
inain-rotor-sliaft  power  absorbed  at  gix'en  airspeed 
to  rotor  lift  (QUIVL) 

I’otor  profile  drag-lift  ratio 
rotor  induced  drag-lift  ratio 
(z)  parasite  drag-lift  ratio 

(j^  ratio  of  force  along  flight  path  available  for  hori- 
zontal  acceleration  or  climb  to  rotor  lift 

Previous  experience  has  shown  it  convenient  to  regroup 
the  terms  of  equation  (1)  to  give  the  relationship 


P_/p\  /D\ 

L  \l)A\L)„ 


rotor  drag-lift  ratio  ((f  )^+(2),) 

useful  drag-lift  ratio,  ratio  of  total  rotor  thrust  along 
^  “  the  flight  path  to  rotor  lift 


and  subscripts 

pf  parasite  drag  of  fuselage 

pi  j}arasite  drag  of  tail  rotor 

b  drag  measured  by  wind-tunnel  balance 

In  equation  (2),  PjL  and  (/)//>)«  ^vere  readily  obtained  from 
readings  of  the  torque  meter  and  the  auxiliary  strain-gage 
balance  during  tests  of  the  complete  helicopter  and  from  the 
results  of  the  fuselage  force  tests  previously  discussed.  The 
rotor  lift  used  in  each  term  of  this  equation  has  been  cor¬ 
rected  for  the  estimated  downward  load  on  the  fuselage  due 


0  A  ^  s  fo 

Rotor  iift  CocffiCicr%  Ci^ 

Fif'.L'RK  7.  -  Ji't-hmjjuliiry  ciirnHition  iipiiiiod  to  of  uttiick  spt  in  wind  tuniu'!. 


to  the  induced  flow  through  the  rotor.  Tliis  correction  was 
obtained  by  assuming  the  fuselage  attitude  to  be  the  aero¬ 
dynamic  angle  of  attack  minus  the  induced  downwash  angle 
at  the  rotor,  which  was  taken  as  degrees.  Inas¬ 

much  as  the  camera  was  mounted  on  the  helicopter  through¬ 
out  the  tests,  tJie  fuselage  tares  obtained  for  configuration  3 
were  used  in  reducing  the  data. 

It  was  necessary  to  resort  to  the  theory  of  reference  4  to 
estimate  the  parasite  drag  of  the  tail  rotor.  This  estimate 
was  made  by  determining  the  theoretical  value  of  the  mean 
section  profile-drag  coefficient,  which  corresponded  to  the 
shaft-power  input  obtained  from  the  tail-rotor  torque-meter 
reading.  From  this  profile-drag  coefficient  and  the  value  of 
the  tail-rotor  lift  obtained  from  the  measured  main-rotor- 
shaft  torque  input  and  helicopter  yawing  moments,  the  ratio 
of  the  parasite  drag  to  the  lift  of  the  tail  rotor  was  calculated. 
The  equivalent  parasite-drag  area  of  the  tail  rotor  based  on 
a  coefficient  of  unity  was  of  the  order  of  1  square  foot  for 
all  test  conditions. 

The  mean  blade-pitch  angle  of  the  main  rotor  at  the  0.75/^ 
station  6  was  obtained  from  the  (’aniera  records.  When 
records  were  not  available,  the  value  of  0  was  determined 
from  the  reading  of  the  indicator  attached  to  the  pitch-control 
linkage  and  from  a  calibration  curve  of  this  indicated  pitch 
angle  plotted  against  the  mean  pitch  angle  taken  from  the 
camera  records.  The  accuracy  with  which  the  mean  pitch 
angle  could  be  found  was  about  ±0.25^. 

The  final  plots  presenting  the  results  of  the  forward-flight 
investigation  were  derived  as  follows: 

(1)  Values  of  Pjf.,  {DID,,,  and  a,  were  plotted  against 
tip-speed  ratio  fx  for  the  values  of  mean  pitch  angle  0  at  which 
the  tests  were  made.  These  curves  were  prepared  for  each 
tunnel  angle  of  attack  0:7-.  A  faired  plot  of  the  data  obtained 
at  a  tunnel  angle  of  attack  of  —5.6^  is  shown  as  a  sample  in 
figure  8.  It  should  be  noted  that  the  corrected  angle  of 
attack  a.,  differs  from  ar  by  the  magnitude  of  the  jet  bound¬ 
ary  and  stream-angle  corrections.  The  symbol  a,  defines 
the  attitude  of  the  rotor  shaft  with  respect  to  the  free-stream 
direction  but  does  not  represent  the  forward  tilt  of  the  axis 
of  zero  feathering,  which  differs  from  a,  by  the  longitudinal 
feathering  required  for  trim. 
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(2)  Ci-oss  plots  of  tli(‘  curvos  in  itom  1  wcmt  inado  in  wliich 
PjL,  {D’Du,  ('l  .  and  a,  w('ro  j)lotted  apiinsl  B  foi-  a  raimo 
of  valuos  of  11.  A  sjini])l(‘  (‘ross  ])lot  at  ar=  —  o.ti®  is  sliown 
in  ii^uro  9.  TUc  curvos  drawn  in  this  figure  ])ass  tliroucdi 
each  of  the  (‘i-oss-])lotted  ])oints  tahcui  from  tlu'  data  plott('d 
in  stej)  1  and  are  not  faired  a^ain. 

(d)  At  (‘V(‘n  values  of  B.  the  terms  PjL,  (/>  /.)»,  and 
wer(‘  iK'Xt  ])lott(Ml  a":ainst  o,.  lor  a  ran^e  of  value's  ot  I  hese 
])lots  (‘iiiniiia t (‘d  as  a  variable.  A  sam])h'  cross  ])lot  made' 
for  a  ])itch  allude  of  8°  is  ])resent(‘d  indiirun'  10.  As  in  the 
])revious  step,  the  curves  pass  tlirou^h  (‘ac'ii  of  the  cross- 
plotted  points, 

(4)  Finally,  and  (/>//.)„  were  plotted  against  Pjl.  for 
conditions  of  constant  mean  blade  pitch  an^de  and  for  con¬ 
ditions  of  constant  rotor-shaft  tilt  (fig.  11).  Plots  were 
made  for  each  tip-s])('ed  ratio.  In  this  final  step  any  small 
waviness  in  tlie  curves  were  faired  out.  The  lift  coedlicients 
corresponding  to  values  of  rotor  thrust  coeflicient  of  0.0080, 
0.0040,  0.0050.  and  0.0060  were  then  calculated  for  each 


-/o\ 


15  20  25  30 

Tip- speed  ratio,  p 


chart  from  the  redationshi]) 

=  cos^a. 

with  a  value  of  unity  assunu'd  for  the  term  cos'^a,..  Tlie 
lines  of  constant-thrust  co(‘flicient  were  then  drawn  on  the' 
plots  of  against  P!L  and  of  (/|//v)„  against  PjL  to  the 
(‘xtetU  of  the  data.  Although  exc('ssive  vibration  necessi¬ 
tated  progressive'  r('ductions  in  the  rotor  speed  as  the  tunnel 
airspeed  was  increased,  the  data  obtained  at  the  different 
1-0 tor  spi'eds  are  in  good  agreement.  Sufficient  overlapping 
of  test  data  is  ])resent  to  indicate  that  any  effects  due  to 
o])erating  tlu'  rotor  at  different  s])eeds  are  within  the  exper- 
inK'iital  accuracy. 


Figure  9.— First  cro.ss  plot  of  main-rotor  paramoters.  ar-  —5.6®. 


Figure  8.— Initial  i)lot  of  main-rotor  parameters.  ar=  — 5.G®. 
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Corrected  angle  of  attack,  deg 
Figure  10  — Siuni)lc  of  second  series  of  cross  plots  of  main-rotor  parameters  d=*8®. 
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(b)  ^=0.11. 

FiorRE  11.— Continued. 


Rotor  lift  coefficienfy 
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(C)  AC  =  0.12. 

FifiT'KE  n  —Continued. 


Rofor  Hff  coefficients  Cl 
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TYPICAL  SINC.LE-ROTOR  HELICOPTER  IN’  FORWARD  FLIGHT 
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(i) 

Figure  1 1.— Contiruicd. 
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FIOORE  n. -Continued. 


Useful  drog-Hf!  rafio^  [DjiS^  ^  .  , 

.  .  .  .  .  .  .  Rotor  hfi  coefftctenJ^ 
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(11  m  =  0.21. 

Fi(h;e{E  11.  -  (Continued. 


Useful  drag- lift  raiiot  (DlL) 
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Cp)  ;i=0.25. 

K[r,!'KE  1 1.— Continued. 
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'I'lu'  (lain  I’oi'  tiu'  sniootli  l)la(Us  also  indicate'  that  addit ioiial 
powe'i*  saviiiii’s  are'  a\'ailahle'  at  a  ^'ive'ii  aii'spe'e'd  1>\  tl\inii;  at 
lo\v<M‘  n>lor  spe'e'eis  wliie-h  corr('S})e>i\el  le)  hi.'rhe'i-  thrust  (•e)e'fli- 
cie'Uts.  All  ave'ra^e'  e)f  d.d  jie'rea'nt  le'ss  heii'se'peiwe'r  is  I’e*- 
(piiml  feu-  lliiz-ht  at  a  reiteir  sjie'e'd  e>f  200  rpin  (/ V---0.()0h()) 
than  at  2  It)  rpiu  (TV-h-OOdO).  'Phis  savin^^  tiiay  he' 
attrihute'd  te)  the'  lai'^'e'f  jireitile'  lilt-elra^‘  I'atios  re'sultin^-  li'exu 
tlie'  hiiiiie'r  lilaele'  section  angle's  e)l  attae*k  pi'e'se'nt  at  leiwe'i’ 
rotor  spe'e'ds.  Ilowe've'r.  the'  e'Xle'iit  to  whie-h  the'  reitor  spe'e'fl 
e-an  l)e'  rceluea'il  will  lie'  liniile'el  l>y  blade'  slallinii;. 

Kiunire'  14  slieiws  that  t he' liinite'el  amount  of  dataobtadne'd 
with  tlie'  preieluclion  blaele's  is  in  ^n>e)e[  a^n'ce'ine'nt  with  ri'sults 
of  (li^dit  te'sls  maeh'  with  a  similai’  reiloi*. 

in  Hi-eb'C  t<J  de'le'i'iniiu'  he)W  e'lose'Iy  tlu'  re'suits  e*e)ulel  have' 
l)('('n  pre'elie'te'ei  by  tlie'ory,  a  eaiinpaiason  was  inaele'  be'twe'e'ii  ihe^ 
full-se'alc'tunncl  elata  anel  e-aiculat ie>ns  base'ef  on  the'  charts  eil 
re'lVre'ne'e'  b  feii*  the  lu'lie*e>pte'r  llyin^"  witli  the'  smoeith  blade's  in 
h'vcl  lliirht.  Fi^irurc  lo  pre'se'uts  a  e'oniparisein  of  the-  feii'warei- 
Hiirlit  })e'rforniance'  oi  tlu'  lu'Iicopte'r  e'epiippe'el  with  the' 
smooth  lilade'S  as  de'te'rmiiie'd  fre)ni  the'  tunne'l  re'sults  aiiel  as 
(.jdculate'el  by  tlic  e-liarls  e>f  irfcrciu'c  4.  The  (i^mre  ji:iv('s  the 
liorse[)e)W('r  re'eiuiivei  Idr  level  lli^dit  at  thrust  e-nellie-ients  of 
O.OOoO  and  O.OObO  and  shows  fair  a;i:reenient  be'twe'e'ii  the  two 
tiK'lhoels. 


Fir.rm:  15.  A  roitiimrisfm  of  thr  i'X(HTiiiU'nt;illy  (iol«‘rmiiu'<l  forwonl-Iliuht  pfrfonnaiict'  of 
tlu*  lu'licopler  with  thut  <10(*rinitic<l  from  theory.  Oros.s  woitrlit.  ^5r.e»  pouitds: 


(  ON{  LIJSIONS 

'Vhe  re'sults  of  the'  in ve'st i^nit iein  of  a  typical  sinLde'-rote)i- 
he'liceipter  in  simuhite'ei  foi'warel-fli^lit  ceinditieins  in  tin' 
haii^dt'y  full-scale'  tunne'l  are'  as  folleiws: 

1.  A  smootlu'r.  nieire'  ae*curat('ly  anel  pt'rmaiu'ntly  cetn- 
loure'd  rote)r  than  the'  proelue'tion  i-e)tf)r  will  pe'rmit  the'  ht'Ii- 
copte'r  to  lly  at  a  substantial  re'tlue'tion  in  the  peiwt'r  re'eiuirt'el 
;it  any  thrust  ceie'llie'ie'iit  b('(*ause'  of  lowe'r  prolih'-drtnr  losse's. 
At  a  thrust  coe'Hie'ie'nt  ol  O.OObO  the'  smooth-surface'  leilor  re'- 
(juire'd  jLii  ave'rayn'  ofdd  pe're't'iit  h'ss  peiwt'r  for  lli^dit  ove'i-  tin' 
i’anj^’i'  e)l  a irs[)e'e'ds  Ireim  44  to  (iO  mih's  pt'r  hour  tlnin  diel  the' 
[ireniuct iein  reiteir.  Tin'  pre'se'iict'  eir  lack  e)l  a  snmotb  reitor- 
blaeh'  surface'  e-onelitiein  e-an  ceinstitule'  the'  elifre'i*e*nct'  be'twe'e'ii 
jicc('[)tabl('  or  unacce'ptabie  lu'lie'opte'r  pe'rfdrmane't'. 

2.  Aelelitional  but  smalh'r  ])owt‘r  savings  we're  re'alize'el  in 
o[)t‘ra.t ion  at  Id^lu'r  thrust  e'eiefhcie'iits.  An  ave'raLre  eil  .ho 
pe're-e'iit  h'ss  hoi'se'jiowe'r  was  re'fjuire'el  in  flight  at  a  rebor  spe'e*<l 
e>f  200  rpm  (thrust  e'oe'llicie'iit ,  O.OObO)  than  at  211)  r[)m 
(thrust  e*e)e‘l{ie'ie'nt,  0.0050). 

b.  The  results  eif  the  wind-tunnel  inve'st ignition  are  shown 
te)  be'  in  fair  a”:r('em('nt  with  re'sults  eif  iii^iit  te'sts  anel  with 
the  pre'elie'tions  made  from  the  e'xistin^^  tlu'ory. 
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;OVtRNMENT  PRINTING  OFFICE  ftSO 


Absolute  coefficients  of  moment 

(rolling)  (pitchmg)  (yawing) 


Angle  of  set  of  control  surface  (relative  to  neutral 
position),  5.  (Indica,te  suj^face  by  proper  subscript,) 


4.  PROPELLER  SYMBOLS 


D  Diameter 

p  Geometric  pitch 

pID  Pitch  ratio 

y'  Inflow  velocity 

Vt  Slipstream  velocity 

T  Thrust,  absolute  coefficient 

/>  m _  /TF - ^ _ 


Torque,  absolute  coefficient 

5.  NUMERICAL  RELATIONS 


Power,  absolute  coefficient 

Speed-power  coefficient 
Efficiency 

Revolutions  per  second,  rps 
Effective  helix  angle=tan“^^2^^^ 


1  hp=76.04  kg-m/8=550  ft-lb/sec 
1  metric  horsepower=0.9863  hp 
1  mph= 0.4470  mps 
1  mps=2.2369  mph 


1  lb=0.4536  kg 
1  kg=2.2046  lb 
1  mi==  1,609.35  m=5,280  ft 
lm=3.2808  ft 


